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An a n a l y t i c a l  s o l u t i o n  f o r  d r o p l e t  e v a p o r a t i o n  i s  p r e s e n t e d .  
The govern ing  d i f f e r e n t i a l  e q u a t i o n  i n c l u d e s  f i n i t e  l i q u i d  t h e r m a l  
c o n d u c t i v i t y  w i t h i n  t h e  d r o p l e t  i n t e r i o r .  The boundary c o n d i t i o n s  
a r e  a  h e a t  b a l a n c e  a t  t h e  d r o p ; l e t  s u r f a c e ,  and f i n i t e  t e m p e r a t u r e s  
a t  t h e  d r o p l e t  c e n t e r .  The e f f e c t  o f  i n i t i a l  d r o p l e t  s i z e  and temp- 
e r a t u r e ,  d r o p l e t  t h e r m a l  c o n d u c t i v i t y  and e n v i r o n m e n t a l  g a s  p r e s -  
s u r e  o n  t e m p e r a t u r e  and v a p o r i z a t i o n  ra te  h i s t o r i e s  are i n v e s t i g a t e d .  
It i s  found t h a t  f o r  t h e  l a r g e r  d r o p l e t s ,  a dynamic e q u i l i b r i u m  
s t a t e  i s  approached;  i . e . ,  t h e  d r o p l e t  s u r f a c e  r e g r e s s i o n  r a t e  
p a r a m e t e r  and t h e  s u r f a c e  t e m p e r a t u r e  approach  common v a l u e s .  
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DROPLET VAPORIZATION WITH LJQUID HEAT CONDUCTION 
By V, D. Agosta  and S .  S .  Hammer 
SUMMARY 
The scope  o f  t h i s  s t u d y  i s  t o  e x p l o r e  t h e  e f f e c t  o f  l i q u i d  
t h e r m a l  c o n d u c t i v i t y  on t h e  b e h a v i o r  o f  a n  e v a p o r a t i n g  d r o p l e t ,  
An a n a l y t i c a l  s o l u t i o n  o f  t h e  govern ing  d i f f e r e n t i a l  e q u a t i o n  f o r  
h e a t  c o n d u c t i o n  w i t h i n  t h e  d r o p l e t  i n t e r i o r  i s  p r e s e n t e d .  The 
boundary c o n d i t i o n s  a r e  f i n i t e  t e m p e r a t u r e  a t  t h e  d r o p l e t  c e n t e r  
and a  h e a t  b a l a n c e  a t  t h e  d r o p l e t  s u r f a c e .  The e f f e c t  o f  i n i t i a l  
d r o p l e t  s i z e  and t e m p e r a t u r e ,  d r o p l e t  t h e r m a l  c o n d u c t i v i t y  and 
e n v i r o n m e n t a l  g a s  p r e s s u r e  on t e m p e r a t u r e  and e v a p o r a t i o n  r a t e  
h i s t o r i e s  a r e  i n v e s t i g a t e d .  
I t  i s  found t h a t  f o r  l a r g e r  d r o p l e t s ,  a  common dynamic e q u i l i b -  
r ium s t a t e  a s y m p t o t i c a l l y  i s  approached.  The e f f e c t  o f  t h e r m a l  
c o n d u c t i v i t y  i s  t o  v a r y  t h e  t i m e  r e q u i r e d  f o r  t h e  d r o p l e t  s u r f a c e  
t e m p e r a t u r e  t o  r e a c h  t h e  a s y m p t o t i c  v a l u e .  The t ime  t o  v a p o r i z e  
t e n  p e r c e n t  o f  t h e  i n i t i a l  d r o p l e t  mass was n o t  i n f l u e n c e d  b y  t h e  
t h e r m a l  c o n d u c t i v i t y .  The d r o p l e t  e q u i l i b r i u m  s u r f a c e  r e g r e s s i o n  
r a t e  and t e m p e r a t u r e  i n c r e a s e s  w i t h  e n v i r o n m e n t a l  g a s  p r e s s u r e .  
The d r o p l e t  s u r f a c e  t e m p e r a t u r e  r e a c h e s  t h e  c r i t i c a l  v a l u e  a t  a n  
e n v i r o n m e n t a l  g a s  p r e s s u r e  t h a t  is  dependent  on t h e  v o l a t i l i t y  o f  
t h e  f l u i d .  F i n a l l y ,  f o r  d r o p l e t s  e q u a l  o r  g r e a t e r  t h a n  100 m i c r o n s  
d i a m e t e r  and w i t h  r e a l i s t i c  t h e r m a l  c o n d u c t i v i t i e s ,  t h e  t e m p e r a t u r e  
g r a d i e n t s  a t t a i n e d  a t  sec. a r e  c o n t a i n e d  i n  t h e  o u t e r  t e n  p e r -  
c e n t  o f  t h e  d r o p l e t  r a d i u s .  
INTRODUCTION 
The b u r n i n g  r a t e  f o r  s m a l l  f u e l  d r o p l e t s  i s  u s u a l l y  b a s e d  on 
t h e  q u a s i - s t e a d y  enve lope  f lame model (Refs .  1 - 4 ) .  E s s e n t i a l l y ,  
t h i s  model assumes t h a t  h e a t  i s  t r a n s f e r r e d  back from t h e  f l ame  
enve lope  such  t h a t  v a p o r i z a t i o n  i s  s u s t a i n e d ,  and t h a t  t h e  b u r n i n g  
r a t e  i s  e q u a l  t o  t h e  f low o f  f u e l  from t h e  i n t e r i o r  o f  a  d r o p l e t  
th rough  a  s p h e r e  o f  t h e  same s i z e  and l o c a t e d  i n  t h e  same e n v i r o n -  
ment. I t  i s  f u r t h e r  assumed t h a t  e i t h e r  t h e  t e m p e r a t u r e  a t  t h e  
d r o p l e t  s u r f a c e  i s  n e a r  t h e  b o i l i n g  p o i n t  o r  i s  un i fo rm t h r o u g h o u t  
t h e  d r o p l e t .  The q u a s i - s t e a d y  d r o p l e t  e v a p o r a t i o n  model a p p e a r s  t o  
b r e a k  down n e a r  t h e  p r o p e l l a n t  c r i t i c a l  p o i n t  (Ref .  5 ) .  
T h e  p r i m a r y  o b j e c t i v e  o f  t h e  a n a l y s i s  p r e s e n t e d  h e r e i n  i s  
t o  d e t e r m i n e  the  b e h a v i o r  o f  v a p o r i z i n g  d r o p l e t s  i n  wh ich  h e a t  
c o n d u c t i o n  i n  t h e  l i q u i d  d r o p l e t  i s  i n c l u d e d  i n  t h e  model .  T h i s  
i s  accompl i shed  b y  a n a l y z i n g  t h e  d r o p l e t  i n t e r i o r  and  employ ing  
t h e  env i ronmen t  a s  b o u n d a r y  c o n d i t i o n s .  S i n c e  t h e  d r o p l e t  i s  t h e  
m a s s  s o u r c e ,  t h e n  i t  i s  a r g u e d  t h a t  i t s  b e h a v i o r  must  b e  a n a l y z e d  
s u b j e c t  t o  t h e  c o n s t r a i n t s  o f  i t s  e n v i r o n m e n t .  An a d d i t i o n a l  b o n u s  
t h a t  becomes a p p a r e n t  i s  t h a t  t h e  model  p r e s e n t e d  h e r e i n  c a n  s e r v e  
as  o n e  f o r  t h e  e v a p o r a t i o n  b e h a v i o r  o f  d r o p l e t s  n e a r  t h e  d r o p l e t  
c r i t i c a l  c o n d i t i o n s .  
I t  i s  o u r  p l e a s u r e  t o  acknowledge  D r .  Gino  M o r e t t i ,  who 
d e v e l o p e d  t h e  compu te r  p rog ram f o r  t h i s  s t u d y .  
THEORY 
I n i t i a l l y ,  a d r o p l e t  w i t h  u n i f o r m  t e m p e r a t u r e  i s  i n t r o d u c e d  
i n t o  a  h o t  a t m o s p h e r e  wh ich  i s  e s s e n t i a l l y  a t  t h e  a d i a b a t i c  f l a m e  
t e m p e r a t u r e .  D r o p l e t  h e a t i n g  and v a p o r i z a t i o n  o c c u r  s i m u l t a n e o u s l y  
f r o m  t h e  i n i t i a l  c o n d i t i o n s  and a p p r o a c h  a s y m p t o t i c a l l y  a  dynamic  
e q u i l i b r i u m  s t a t e ,  The d r o p l e t  v a p o r s  d i f f u s e ,  mix and react chem- 
i c a l l y  w i t h  t h e  h o t  g a s e s .  Thus the p h y s i c a l  s t r u c t u r e  o f  t h e  
mode l  c o n s i s t s  o f  a s p h e r i c a l  d r o p l e t  s u r r o u n d e d  b y  a  f i l m  o f  
r e a c t i n g  vapor -gas  m i x t u r e .  The t h i c k n e s s  o f  t h e  f i l m  i s  d e f i n e d  
as  t h a t  d i s t a n c e  w h e r e  t h e  r e a c t i o n  i s  i n  e q u i l i b r i u m  f o r  the l o c a l  
o r  g i v e n  O/F r a t i o .  H e a t  t r a n s f e r ,  7 , i s  assumed t o  o c c u r  back -  ward  toward  the  d r o p l e t  wh ich  g o e s :  1) toward  h e a t i n g  u p  t h e  
d i f f u s i n g  v a p o r s ,  q,h, ( 2 )  s u p p l y i n g  t h e  h e a t  o f  v a p o r i z a t i o n ,  qi, 
and (3)  h e a t i n g  u p  t h e  d r o p l e t ,  q*, F i g .  1. 
The g o v e r n i n g  d i f f e r e n t i a l  e q u a t i o n  f o r  h e a t  c o n d u c t i o n  i n  
a s p h e r i c a l  l i q u i d  d r o p l e t  i s  g i v e n  b y  
whe re  
T i s  t h e  t e m p e r a t u r e ,  
r r a d i u s ,  rs s u r f a c e  r a d i u s ,  
t t i m e ,  and 
x l i q u i d  t h e r m a l  d i f f u s i v i t y .  
The s u b s c r i p t s  r and t r e p r e s e n t  d i f f e r e n t i a t i o n  w i t h  respect t o  
r a d i u s  and  t i m e ,  r e s p e c t i v e l y .  F o r  s m a l l  d r o p l e t s  t h e  a s s u m p t i o n  
o f  s p h e r i c a l  geomet ry  i s  u s u a l l y  a c c e p t e d .  I t  i s  r e c o g n i z e d  t h a t  
where  d r a g  e x i s t s ,  d r o p l e t s  deform;  however ,  i n  t h i s  a n a l y s i s  t h e  
d e f o r m a t i o n  i s  n e g l e c t e d .  The i n i t i a l  c o n d i t i o n  assumes  t h a t  t h e  
d r o p l e t  i s  a t  u n i f o r m  t e m p e r a t u r e  T 
0 )  
The b o u n d a r y  c o n d i t i o n s  are 
~ ( 0 ,  t )  i s  f i n i t e  
and 
where  
h  i s  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  
a m b i e n t  ( a d i a b a t i c  f l a m e )  t e m p e r a t u r e ,  
d r o p l e t  s u r f a c e  t e m p e r a t u r e ,  
t h e r m a l  c o n d u c t i v i t y  of d r o p l e t ,  
h e a t  o f  v a p o r i z a t i o n ,  
v a p o r  s p e c i f i c  h e a t ,  
m a s s  e v p o r a t i o n  r a t e ,  
d r o p l e t  s u r f a c e  area. 
I t  i s  assumed t h a t  t h e  f i l m  t h i c k n e s s  s u r r o u n d i n g  t h e  d r o p l e t  i s  
s m a l l  compared t o  t h e  d r o p l e t  d i a m e t e r .  
The p rob lem i s  s t i l l  n o t  c o m p l e t e l y  d e f i n e d  b e c a u s e  the  m a s s  
e v a p o r a t i o n  r a t e  i s  unknown. Thus ,  a c o n s t i t u t i v e  e q u a t i o n  i s  
r e q u i r e d  and  i s  
where 
r i s  t he  d rop le t  surface  regression r a t e ,  
s  t h e  l i qu id  dens i ty ,  
'* mass t r a n s f e r  c o e f f i c i e n t ,  K 
pg t o t a l  gas pressure ,  
Pv vapor pressure  corresponding t o  the  d rop le t  temperature 
surface .  
I t  i s  assumed t h a t  t h e  ~laus ius-Clapeyron equation r e l a t e s  t h e  
d rop le t  surface temperature t o , t h e  vapor pressure.  A general  
r e la t ionsh ip  f o r  t h i s  purpose i s  
where a ,  b,  and c  a r e  constants  t o  be determined from thermodynamic 
da t a .  The above Eq. (6 )  i s  a l s o  used f o r  in te rpo la t ion  purposes. 
The hea t  of vaporizat ion i s  a  function of t he  d rop le t  surface  
temperature and i s  given by 
wjere h and y a r e  cons tants  and T t he  c r i t i c a l  temperature. The 
0 C 
average vapor s p e c i f i c  hea t ,  (G) v.  i s  e i t h e r  given by s u i t a b l e  
equat ions,  e . g . ,  
o r  from t ab l e s .  The heat  and mass t r a n s f e r  c o e f f i c i e n t s  h and 
K r espec t ive ly ,  a r e  obtained from the  Nusselt co r r e l a t i ons ,  
g  ' 
and 
2r R T K  
= 2 + 0.6  (Sc)'l3 (Re) '/ 2 
M"D 
where 
Km i s  t h e  vapor-gas mix ture  thermal  c o n d u c t i v i t y ,  
Ro u n i v e r s a l  gas  c o n s t a n t ,  
vapor molecular  weight ,  
D molecular  d i f f u s i o n  c o e f f i c i e  t ,  
- 
T a r i t h m e t i c  mean temperature ,  8 f + ~  s 
2 
Pr  P r a n d t l  number ( c  P  @ / N ) ~ ,  
Sc Schmidt number ( @ / D ~ ) , .  
R e  Reynolds number 2rs (u-v) (Y.) P m, 
p vapor-gas mix ture  v i s c o s i t y ,  
P vapor-gas mix ture  d e n s i t y ,  
u  gas  v e l o c i t y ,  
v  d r o p l e t  v e l o c i t y .  
I t  i s  recognized t h a t  most of  t h e  thermodynamic p r o p e r t i e s  a r e  
f u n c t i o n s  of  d r o p l e t  s u r f a c e  temperature .  However, t o  i n c l u d e  
such f u n c t i o n a l  r e l a t i o n s h i p s  a t  t h i s  t i m e  i s  i m p r a c t i c a l  from 
a computat ional  point-of-view, 
A Laplace t ransform procedure  was used t o  o b t a i n  a s o l u t i o n  
f o r  t h e  tempera ture  p r o f i l e  i n  t h e  l i q u i d  d r o p l e t  employing t h e  
a d d i t i o n a l  assumption t h a t  
The s o l u t i o n  is g iven  below ( s e e  Appendix A f o r  d e r i v a t i o n )  : 
r 
where R = -  
r 
S 
The a n a l y s i s  of d r o p l e t  evaporat ion i n  a  gas  stream, as 
formulated, i s  developed i n t o  a  computer program. Once t h e  i n i t i a l  
cond i t ions  a r e  spec i f i ed  a t  t ime t = O  ( e .g . ,  t h e  i n i t i a l  d r o p l e t  
r a d i u s ,  t h e  i n i t i a l  uniform d r o p l e t  temperature and t h e  ambient 
c o n d i t i o n s ) ,  one ob ta ins  a  formula f o r  t h e  su r face  temperature of 
t h e  d r o p l e t  a t  any successive t ime, tl. A number of c o e f f i c i e n t s  i n  t h a t  equat ion depend on mean values of phys ica l  parameters over  
t h e  e n t i r e  span t = O , t l  (phys ica l  p r o p e r t i e s  used i n  t h i s  s tudy a r e  
given i n  Appendix B ) .  Therefore,  the  computation has t o  be  per-  
formed stepwise,  i n  o rde r  t o  provide averaged in termedia te  va lues  
of t h e  phys ica l  parameters between t = O  and t=tl ( see  Appendix C 
f o r  c a l c u l a t i o n  procedure and computer program). 
The program i s  a s  follows: Time i s  increased by s t e p s .  A t  
each s t e p ,  t h e  su r face  temperature and t h e  d r o p l e t  r ad ius  a r e  
averaged from t h e  i n i t i a l  va lues  t o  t h e  values p e r t i n e n t  t o  t h a t  
s t e p .  The mean phys ica l  p r o p e r t i e s  a r e  computed, according t o  
t h e  formulae g iven .  Then t h e  new s u r f a c e  temperature  is  computed 
from t h e  Laplace t ransform s o l u t i o n  and t h e  r a t e  of  dec rease  o f  
d r o p l e t  r a d i u s  i s  eva lua t ed .  Th i s  a l lows  t h e  new d r o p l e t  r a d i u s  
a t  t h e  nex t  s t e p  t o  b e  determined.  S ince  some of t h e  y e t  unknown 
new va lues  have t o  be used i n  making t h e  averages ,  one has  t o  
s t a r t  each s t e p  w i t h  a s u i t a b l e  guess  on t h e  s u r f a c e  tempera ture  
and then f i n d  t h e  r i g h t  va lue  by a t r i a l - a n d - e r r o r  t echnique .  
The program i s  w r i t t e n s i n  such a way t h a t  d i f f e r e n t  g a s e s  
and d i f f e r e n t  l i q u i d s  can be cons idered ,  by changing some of t h e  
d a t a  c a r d s .  
A computer run i s  te rmina ted  when t e n  pe rcen t  of t h e  i n i t i a l  
d r o p l e t  mass is  evapora ted ,  o r  when t h e  d r o p l e t  s u r f a c e  tempera- 
t u r e  reaches  t h e  p r o p e l l a n t  c r i t i c a l  temperature .  The r e g r e s s i o n  
r a t e s  and t i m e s  are normalized by us ing  s t eady  s t a t e  d r o p l e t  
evapora t ion  rates and l i f e t i m e s .  I t  i s  assumed a p r i o r i  t h a t  f o r  
v a r i o u s  d r o p l e t  d i ame te r s ,  t h e  d r o p l e t  s u r f a c e  tempera tures  
approach a common va lue  du r ing  evapora t ion  ( i . e . ,  a wet-bulb 
tempera ture )  (Ref. 6)  . Thus, cons ide r ing  t h e  equa t ion  f o r  m a s s  
t r a n s f e r  from t h e  d r o p l e t  s u r f a c e ,  Eq. ( 5 ) ,  
t h e  chamber p r e s s u r e ,  p ,  and t h e  l i q u i d  d e n s i t y ,  
P A '  
a r e  g iven  
c o n s t a n t s .  The p r o p e l l a n t  vapor p r e s s u r e ,  pv, i s  c o n s t a n t  be- 
cause  o f  t h e  aforementioned assumption. Therefore ,  Eq. (5 )  
reduces  t o  
where C i s  determined from t h e  c o n s t a n t  terms i n  Eq. ( 5 ) .  I- Nusse l t  s r e l a t i o n  f o r  mass t r a n s f e r ,  Eq. (10) i s  given as 
where r i s  t h e  d r o p l e t  r a d i u s .  
s 
Assuming t h a t  f o r  h igh  speed flow , 
0.6 (Sc) { ~ e )  1/2 > 2 
g i v e s  
K o c r  -1/2 
53 s 
Combining Eqs. (13) and (15) g ives  
r r  
S S 
1 c o n s t a n t  
I f  t h e  dec rease  i n  d r o p l e t  r a d i u s  du r ing  t h e  i n i t i a l  s t a g e s  of 
evapora t ion  i s  neg lec t ed ,  
r r  
s 0 
= c o n s t a n t  , 
where r i s  the i n i t i a l  d r o p l e t  r a d i u s .  
0 
T h i s  v a r i a b l e  i s  used a s  t h e  normalized s u r f a c e  r e g r e s s i o n  
r a t e .  I n t e g r a t i n g  Eq. (16) between t h e  l i m i t s  0 5 rs 5 r and 
0 0 - < t 5 td, where td i s  t h e  d r o p l e t  l i f e t i m e ,  g i v e s  
t o c r  3/2 d 0 
Thus, t h e  nondimensional t ime i s  de f ined  a s  
RESULTS 
The r e s u l t s  f o r  d r o p l e t  evapora t ion  f o r  fou r  p r o p e l l a n t  
combinat ions  a r e  given.  The parameters  v a r i e d  a r e :  t h e  i n i t i a l  
d r o p l e t  r a d i u s ,  t h e  i n i t i a l  d r o p l e t  t empera ture ,  t h e  thermal  
c o n d u c t i v i t y ,  and t h e  chamber p re s su re .  The r e f e rence  c a s e  f o r  
a l l  p r o p e l l a n t s  i s  an i n i t i a l  d r o p l e t  d i ame te r  o f  100 microns,  
i n i t i a l  t empera ture  of  t h e  normal b o i l i n g  p o i n t ,  and t h e  chamber 
p r e s s u r e  equa l  t o  t h a t  of t h e  evapora t ing  p r o p e l l a n t  c r i t i c a l  
p r e s s u r e .  
A. V a r i a t i o n  i n  Drople t  H i s t o r i e s  w i t h  I n i t i a l  Drople t  Radius 
. -  
I n  F ig .  2, t h e  d r o p l e t  s u r f a c e  r e g r e s s i o n  r a t e  parameter  
rsJro i s  p l o t t e d  a g a i n s t  t h e  nondimensional t i m e  f o r  t h e  fol low- i n g  p r o p e l l a n t  combinat ions  : 
Fig .  2a 5 0 / 5 0  a e r o z i n e  w i t h  NTO 
F ig .  2b NTO w i t h  5 0 / 5 0  a e r o z i n e  
F ig .  2c oxygen w i t h  gaseous hydrogen 
F ig .  2d n-heptane w i t h  gaseous oxygen. 
The p r o p e l l a n t s  a r e  a t  t h e i r  normal b o i l i n g  p o i n t s  and t h e  ambient  
p r e s s u r e  i s  t h a t  o f  t h e  p r o p e l l a n t  c r i t i c a l  p r e s su re .  
S e v e r a l  g e n e r a l  s t a t emen t s  can be made f o r  a l l  t h e s e  p rope l -  
l a n t  combinations:  (1) The s u r f a c e  r e g r e s s i o n  r a t e  parameter  
curves  f o r  a l l  t h e  d r o p l e t  s i z e s  do n o t  c o a l e s c e  du r ing  t h e  h e a t -  
i n g  up p e r i o d ,  i n d i c a t i n g  d i f f e r e n t  h i s t o r i e s ;  (2)  A s  t i m e  
i n c r e a s e s ,  t h e  s u r f a c e  r e g r e s s i o n  r a t e  parameters  approach a 
common va lue  f o r  t h e  l a r g e r  d r o p l e t s .  The s u r f a c e  r e g r e s s i o n  
r a t e s  f o r  t h e  s m a l l e r  d r o p l e t s  (e .g . ,  2 5 ~  d r o p l e t  i n  p a r t i c u l a r )  
con t inue  t o  i n c r e a s e ,  i n d i c a t i n g  t h a t  " s teady  s t a t e "  behavior  is  
n o t  approached; ( 3 )  It i s  n o t i c e d  t h a t  t h e  curves  f o r  t h e  s u r f a c e  
r e g r e s s i o n  r a t e  parameter c r o s s ,  and t h a t  t h e  va lue  of  t h e  non- 
dimensional  t i m e  a t  which c r o s s o v e r  occu r s  dec reases  a s  t h e  pro-  
p e l l a n t  becomes more v o l a t i l e .  Th i s  r e s u l t  sugges t s  t h a t  t h e  
h e a t i n g  up p e r i o d  dec reases  w i t h  p r o p e l l a n t  v o l a t i l i t y ;  (4)  A s  
t h e  p r o p e l l a n t  becomes more v o l a t i l e ,  t h e  asymptot ic  va lue  of 
t h e  burn ing  r a t e  parameter i n c r e a s e s .  
I n  F ig .  3 ,  t h e  d r o p l e t  s u r f a c e  tempera ture  h i s t o r y  i s  p l o t t e d  
a g a i n s t  t h e  nondimensional t ime.  I t  i s  observed t h a t  i n  a l l  cases, 
a common s u r f a c e  temperature  i s  approached a sympto t i ca l ly  f o r  
each p r o p e l l a n t .  The reduced s u r f a c e  temperature ,  i - e . ,  T / T ~ ,  
where Tc i s  t h e  c r i t i c a l  t empera ture  of  t h e  d r o p l e t  p r o p e l f a n t ,  
v a r i e s  from 0.77 f o r  n-heptane t o  0.97 f o r  n i t r o g e n  t e t r o x i d e .  
From t h e s e  r e s u l t s ,  it i s  seen t h a t  t h e  reduced s u r f a c e  temper- 
a t u r e  i n c r e a s e s  as t h e  v o l a t i l i t y  o f  t h e  p r o p e l l a n t  becomes 
g r e a t e r .  
Fig .  4 shows t h e  d r o p l e t  t empera ture  d i s t r i b u t i o n  w i t h  
r a d i u s  a t  l om4  sec .  We observe two I t r e n d s ,  namely: (1) f o r  
each p r o p e l l a n t  and f o r  a l l  d r o p l e t  s i z e s ,  t h e  s u r f a c e  tempera- 
t u r e s  approach a common va lue ;  and ( 2 )  s t e e p  p o s i t i v e  tempera ture  
g r a d i e n t s  occur  i n  approximately  t h e  o u t e r  t e n  pe rcen t  o f  t h e  
d r o p l e t  r ad ius .  I n  one c a s e ,  i . e . ,  t h e  25 micron diameter  d r o p l e t  
o f  n-heptane, t h e  tempera ture  g r a d i e n t  i s  broadened and ex tends  
t o  30% o f  t h e  d r o p l e t  r a d i u s .  However, i f  i n s t e a d  of  p : - : 9  
t h e  d r o p l e t  t empera ture  d i s t r i b u t i o n  a t  t h e  end of  10- 
t h e  nondimensional  t ime a t  t h e  c ros sove r  p o i n t  i s  used,  t hen  f o r  
t h e  case o f  t h e  25 micron d r o p l e t  of  n-heptane, t h e  s u r f a c e  temp- 
e r a t u r e  g r a d i e n t  i s  con ta ined  i n  t h e  o u t e r  t e n  pe rcen t  o f  t h e  
d r o p l e t  r ad ius .  
B. V a r i a t i o n  i n  Drople t  H i s t o r i e s  w i t h  I n i t i a l  Drople t  Temperature 
I n  t h e  fo l lowing  s e r i e s  o f  computer tests, t h e  i n i t i a l  
d r o p l e t  t empera ture  was va r i ed .  I n  t h e s e  cases t h e  i n i t i a l  drop- 
l e t  d iameter  w a s  assumed t o  be  100 microns,  and t h e  gas  p r e s s u r e  
t h a t  of t h e  d r o p l e t  p r o p e l l a n t  c r i t i c a l  p r e s su re .  Three runs  w e r e  
made w i t h  t h e  d r o p l e t  i n i t i a l l y  a t :  (1) t h e  p r o p e l l a n t  normal 
b o i l i n g  p o i n t ,  (2)  t h e  tempera ture  [Tnbp+5/6T,]/2. and (3) t h e  
tempera ture  5/6Tc. The r e s u l t s  of  t h e s e  tests a r e  p l o t t e d  i n  
F igs .  5, 6 and 7 .  I n  F ig .  5, t h e  s u r f a c e  r e g r e s s i o n  r a t e  param- 
eter  i s  p l o t t e d  a g a i n s t  t h e  reduced time. It i s  seen t h a t  w i t h  
50/50 a e r o z i n e  and n-heptane, t h e  s u r f a c e  r e g r e s s i o n  r a t e  parameter  
approaches an asymptot ic  va lue  independent of  i n i t i a l  p r o p e l l a n t  
temperature .  With NTO and oxygen, t h e  cu rves  do no t  appear  t o  
c r o s s  w i t h i n  t h e  r e a l  t i m e  o f  sec .  C e r t a i n l y  t h e  c ros sove r  
p o i n t ,  i f  any, has  t r a n s l a t e d  t o  l a r g e r  va lues  of  t ime.  S i m i l a r  
behavior  i s  observed f o r  t h e  s u r f a c e  tempera tures  ve r sus  t ime ,  
Fig .  6 ;  namely, i t  is  seen t h a t  a common va lue  of s u r f a c e  temper- 
a t u r e  i s  approached a sympto t i ca l ly  f o r  each p r o p e l l a n t .  
I n  F ig .  7 ,  the temperature  d i s t r i b u t i o n  w i t h i n  the d r o p l e t  
i s  shown f o r  the t ime sec .  Again it i s  seen t h a t  t h e  s u r f a c e  
t empera tu re s  approach a  common va lue  f o r  each p r o p e l l a n t ,  and 
t h a t  t h e  tempera ture  g r a d i e n t  i s  l o c a t e d  i n  t h e  o u t e r  t e n  per -  
c e n t  of t h e  d r o p l e t  r ad ius .  One s i g n i f i c a n t  d e p a r t u r e  is observed  
f o r  n-heptane w i t h  an i n i t i a l  temperature  o f  8 1 0 ~ ~ .  The temper- 
a t u r e  g r a d i e n t  a t  t h e  s u r f a c e  i s  nega t ive .  I n  t h i s  case the 
i n i t i a l  d r o p l e t  temperature  w a s  above t h e  e q u i l i b r i u m  s u r f a c e  
tempera ture ,  The dynamic ba lance  o f  h e a t  and m a s s  t r a n s f e r ,  
Eq. (4 ) ,  r e q u i r e s  t h a t  p a r t  o f  t h e  d r o p l e t  i n t e r n a l  energy be 
used t o  supply t h e  h e a t  of vapor i za t ion .  
C .  V a r i a t i o n  i n  Drople t  H i s t o r i e s  w i t h  Drop le t  Thermal 
Conduc t iv i ty  
I n  t h e  fo l lowing  computer t e s t  runs ,  t h e  e f f e c t  o f  l i q u i d  
thermal  c o n d u c t i v i t y  on t h e  d r o p l e t  evapora t ion  behavior  and 
tempera ture  d i s t r i b u t i o n  w a s  cons idered .  The r e s u l t s  o f  t h i s  
s tudy  are p l o t t e d  i n  F igs .  8 ,  9 and 10. En a l l  t h e s e  tes ts ,  the 
d a t a  ex tends  t o  where t e n  p e r c e n t  of  t h e  d r o p l e t  m a s s  h a s  evap- 
o r a t e d .  The l i q u i d  thermal  c o n d u c t i v i t y  w a s  v a r i e d  between 
and LO-1 BTU f t . - l sec- lo~- l .  Values lower t han  l o m 5  o r  g r e a t e r  
t han  lom1 caused computat ional  p rocedure  e r r o r s  due t o  t h e  form 
o f  t h e  equa t ions .  
I n  F ig .  8 ,  the s u r f a c e  r e g r e s s i o n  r a t e  parameter i s  p l o t t e d  
v e r s u s  t h e  nondimensional t ime.  For 50/50 Aerozine and n-heptane,  
s t eady  s t a t e  evapora t ion  i s  n o t  approached f o r  t h e  c a s e s  where t h e  
l a r g e r  thermal  c o n d u c t i v i t i e s  are used. Th i s  obse rva t ion  i s  b a s e d  
on t h e  f a c t  t h a t  the l a t t e r  cu rves  do no t  l e v e l  o f f  and approach 
common asymptot ic  va lues  of  t h e  s u r f a c e  r e g r e s s i o n  r a t e  by  the 
t ime  t e n  p e r c e n t  o f  t h e  m a s s  i s  vaporized.  The more v o l a t i l e  
p r o p e l l a n t s  a r e  less s e n s i t i v e  t o  t h e  va lue  of  thermal  conduc- 
t i v i t y  and l e v e l  o f f  toward common va lues  o f  r e g r e s s i o n  rate,  
t h u s  a t t a i n i n g  e q u i l i b r i u m  v a l u e s  sooner.  For a l l  c a s e s  it i s  
n o t i c e d  t h a t  f o r  sma l l e r  v a l u e s  o f  thermal  c o n d u c t i v i t y ,  t h e  
s u r f a c e  r e g r e s s i o n  rate parameter  i n c r e a s e s  f a s t e r .  The same 
g e n e r a l  remarks can b e  made based  on the s u r f a c e  tempera ture  d a t a  
given i n  F ig .  9.  I n  F ig .  10 ,  t h e  d r o p l e t  temperature  d i s t r i b u -  
t i o n  i s  shown. The r e s u l t s  ag ree  w i t h  i n t u i t i o n  i n  t h a t  t h e  
g r e a t e r  t h e  l i q u i d  thermal  c o n d u c t i v i t y ,  t h e  more uniform i s  the 
d r o p l e t  temperature .  
I n  p a s s i n g  it is  n o t e d  t h a t  t h e  t i m e  r e q u i r e d  f o r  a  100 
micron d r o p l e t  t o  r e a c h  t h e  n i n e t y  p e r c e n t  mass p o i n t  was 
a b o u t  t h e  same. i. e. ,  5 x < tgO% < l o w 4  s e c . ,  r e g a r d l e s s  
o f  t h e  t h e r m a l  c o n d u c t i v i t y .  'Phis b e h a v i o r  i s  due t o  t h e  f a c t  
t h a t  o n l y  a  s m a l l  f r a c t i o n  o f  h e a t  t r a n s f e r ,  qT, goes  toward  
h e a t i n g  up t h e  d r o p l e t ,  q4. However, t h e  b e h a v i o r  o f  t h e s e  
h e a t e d  d r o p l e t s  i n  a t i m e  dependent  environment  c o u l d  b e  
v a s t l y  d i f f e r e n t .  
B. V a r i a t i o n  i n  D r o p l e t  H i s t o r i e s  w i t h  Environment Gas P r e s s u r e  
I n  t h i s  series o f  computer  tes ts ,  t h e  env i ronmenta l  g a s  
p r e s s u r e  was i n c r e a s e d  from t h e  p r o p e l l a n t  c r i t i c a l  p r e s s u r e  t o  
t h a t  where t h e  d r o p l e t  s u r f a c e  t e m p e r a t u r e  r eached  t h e  p r o p e l l a n t  
c r i t i c a l  t e m p e r a t u r e .  I n  t h e  d a t a  no e v i d e n c e  i s  s e e n  o f  a n  
approach  t o  an  a s y m p t o t i c  v a l u e  o f  s u r f a c e  t e m p e r a t u r e .  T h i s  
b e h a v i o r  a p p e a r s  t o  be i n  agreement  w i t h  t h a t  obse rved  by  F a e t h  
( R e f .  7 )  . 
I n  F i g .  11, t h e  d r o p l e t  s u r f a c e  t e m p e r a t u r e s  a r e  p l o t t e d  
v e r s u s  t h e  reduced gas p r e s s u r e ,  p r ,  f o r  100 micron d r o p l e t s  
i n i t i a l l y  a t  normal  b o i l i n g  p o i n t  t e m p e r a t u r e .  A s  t h e  p r e s s u r e  
i n c r e a s e s ,  lzhe s u r f a c e  t e m p e r a t u r e  i n c r e a s e s .  The v a l u e s  p l o t t e d  
r e p r e s e n t  t h e  d r o p l e t  s u r f a c e  t e m p e r a t u r e  a t  a  t i m e  when t e n  
p e r c e n t  o f  t h e  d r o p l e t  mass h a s  e v a p o r a t e d .  For  t h i s  n i n e t y  
p e r c e n t  mass p o i n t ,  t h e  reduced p r e s s u r e  a t  which t h e  c r i t i c a l  
t e m p e r a t u r e  i s  reached  a t  t h e  s u r f a c e  is:  
n-heptane : pr = 8.3 
50/50 Aeroz ine  : pr = 4 . 1  
NTO : pr = 1.37 
O 2  : pr = 1.26 
I t  i s  obse rved  t h a t  a s  t h e  p r o p e l l a n t  v o l a t i l i t y  i n c r e a s e s ,  t h e  
reduced  p r e s s u r e  d e c r e a s e s .  
I n  F i g .  1 2 ,  t h e  s u r f a c e  r e g r e s s i o n  rate  i s  shown a s  a  func-  
t i o n  o f  chamber p r e s s u r e .  I t  i s  s e e n  t h a t  t h e  s u r f a c e  r e g r e s s i o n  
r a t e  i n c r e a s e s  a s  t h e  chamber p r e s s u r e  i n c r e a s e s .  The t r e n d ,  
t h e r e f o r e ,  i s  f o r  t h e  d r o p l e t  l i f e t i m e  t o  d e c r e a s e  a s  t h e  chamber 
p r e s s u r e  i n c r e a s e s .  T h i s  i s  i n  agreement  w i t h  t h e  work o f  
F a e t h  (Ref.  7 )  . 
The evaporative behavior of a liquid propellant droplet 
has been determined from a solution to a system of equations 
which include heat transfer within the droplet. In general, 
for droplets larger than 100 microns in diameter, the droplet 
heats up within sec and approaches a steady state of 
evaporation. Smaller droplets, e.g., 25 micron diameter drop- 
lets, do not approach a steady state behavior. The evapora- 
tive behavior of droplets with diameter larger than 100 m i ~ o n s  
is correlated by the surface regression rate parameter,ksdro 
and the nondimensional time, t/tb after steady state have been 
achieved. 
Analytical results obtained from the solution are: 
(1) Regardless of the droplet initial temperature or radius, 
a common value of the droplet surface temperature is asymptot- 
ically approached. Therefore, where the droplet is heat trans- 
fer limited, or where the droplet initial temperature is greater 
than the steady state surface temperature, the droplet internal 
energy can contribute to the heat of vaporization. 
(2) The effect of thermal conductivity is to vary the 
time required for the droplet surface temperature to reach the 
asymptotic value. The time required to evaporate ten percent 
of the droplet mass was not influenced by the value of the 
liquid thermal conductivity. 
(3) The droplet equilibrium surface regression rate and 
temperature increases with environmental gas pressure. The 
droplet surface temperature reaches the critical value at an 
environmental gas pressure that is dependent on the volatility 
of the fluid. 
(4) For droplets equal to or greater than 100 microns 
diameter and with realistic thermal conductivities, the temp- 
erature gradients attained at sec are contained in the 
outer ten percent of the droplet radius. 
APPENDIX A 
ANALYTIC SOLUTION FOR TEMPEPLATURE DISTRIBUTION 
A short time solution for the temperature distribution in 
a liquid sphere where evaporation occurs at the surface is 
obtained by utilizing Laplace transformations. Eq. (1) can 
be transformed to a more convenient form by the substitution 
which gives 
The initial condition expressed in Eq. (2) is 
and the boundary conditions corresponding to Eqs. (3a) and (3b) are 
It is assumed that r At<<r , and that and pv are constants over 
S S 
the time interval At. 
The Laplace transform is taken of Eq. (A-21, 
Expanding and inc lud ing  t h e  i n i t i a l  c o r d i t i o n  of  Eq. (A-3) g i v e s  
2,  E where q - . 
a 
The boundary c o n d i t i o n s  of Eqs. (A-4a) and (A-4b) becomes 
where 
and 
h  1 (cp) vKgP A = [ - - - - -  
U r 74. 
I n  -1 
P-P, S 
The g e n e r a l  s o l u t i o n  t o  Eq. (A-5b) i s  
S u b s t i t u t i o n  i n t o  boundary c o n d i t i o n  (A-6a) g i v e s  
and i n t o  Eq. (A-6b) g i v e s  
Thus t h e  s o l u t i o n  becomes 
00 
,--. -q(2n+l )  ( r  -r) -q(2n+l )  (rs+r) 
- 1 ( - U n  S -e 1 (A- 10) 
n=O (q+B) n+l 
For  a s o l u t i o n  v a l i d  over  a  s h o r t  i n t e r v a l  o f  t ime,  t h e  s e r i e s  
can b e  t r u n c a t e d  a f t e r  t h e  n=O term. This  was v e r i f i e d  by ex- 
t end ing  t h e  s e r i e s  and t e s t i n g  f o r  convergence. The i n v e r s e  
t r ans fo rm of  Eq. (A-10) i s  
T ( l + ~ r ~ ) + ~  
0 1-R T = T -  [ I s t e r f c  - - e r f c  1+R.  - 
o A r  
2 J7 2& 
2 1 - R  
exp ( A r  (1-R) +A r 2 7 )  e r f c  (--I 
S S 
+ A ~ ~ J ; )  + 
2J7 
(A- 11) 
A q u a l i t a t i v e  d i s c u s s i o n  o f  t h e  s o l u t i o n  i s  now given.  I f  
we r e f e r  t o  Eq.  ( A - L l ) ,  w e  f i n d  t h a t  i t  i s  made up o f  two p a r t s .  
The f i r s t  i s ,  To, and it  i s  recognized a s  t h e  d r o p l e t  i n i t i a l  
t empera ture .  The second i s  t h e  product  of  
and i s  t h e  d r o p l e t  hea tup  and vapor i za t ion  due t o  t h e  backward 
h e a t  t r a n s f e r  from t h e  h o t  environment, i . e . ,  f o r  t h e  c a s e  where 
t h e  environment i s  cons idered  s t eady  i n  tempera ture ,  The re fo re ,  
t h e  two p a r t s  make up t h e  s o l u t i o n  t o  t h e  h e a t  and mass t r a n s f e r  
t o  a  b u r n i n g  d r o p l e t  i n  a  c o n s t a n t  t e m p e r a t u r e  envi ronment ,  From 
summary s l i d e  r u l e  c a l c u l a t i o n s  it i s  found t h a t  f o r  h y d r a z i n e -  
t y p e  and hydrocarbon- type  f u - e l s ,  d r o p l e t  h e a t u p  t i m e s  a r e  a b o u t  
see. I n  a d d i t i o n ,  s t e e p  t e m p e r a t u r e  g r a d i e n t s  o c c u r  a t  t h e  
d r o p l e t  s u r f a c e ,  t h e  i n t e r i o r  a p p a r e n t l y  n o t  a f f e c t e d  i n  t h e  
absence  o f  r a d i a t i o n  and c o n v e c t i o n ,  Thus t h e  t r a n s i e n t  b e h a v i o r  
o f  such  a  d r o p l e t  i s  d i f f e r e n t  from one w i t h  i n f i n i t e  t h e r m a l  
c o n d u c t i v i t y  ( i . e . ,  a  c o n s t a n t  t e m p e r a t u r e  d r o p l e t )  due t o  de- 
c r e a s e d  t h e r m a l  i n e r t i a .  
APPENDIX B 
THERMODYNAMIC CONSTITUTIVE EQUATIONS 
The thermodynamic p r o p e r t i e s  f o r  t h e  p r o p e l l a n t  c o m b i n a t i o n s  
employed i n  t h i s  s t u d y  a r e  g i v e n  below. Where m i x t u r e s  a r e  con- 
s i d e r e d ,  t h e n  Gibbs-Dalton ' s Law i s  used:  
m 
p r e s s u r e  , .=pi 
e n t h a l p y  , 
e n t r o p y  , s = 2 yisi  
where y  i s  t h e  mass f r a c t i o n ,  and f o r  t r a n s p o r t  p r o p e r t i e s ,  i 
where 
and g i s  t h e  t r a n s p o r t  proper ty ,  
M t h e  molecular weight,  
x  t h e  mole f r a c t i o n .  
For t h e  p rope l l an t  combinations, 5 0 / 5 0  Aerozine wi th  n i t r o -  
gen t e t r o x i d e ,  oxygen with gaseous hydrogen, and n i t rogen t e t r o x i d e  
wi th  5 0 / 5 0  Aerozine, t h e  following c o n s t i t u t i v e  equat ions a r e  
used: 
Diffusion c o e f f i c i e n t  equat ion,  
Vapor pressure  - Temperature r e l a t i o n s h i p ,  
Heat of vapor iza t ion  r e l a t i o n s h i p ,  
where p  i s  the  c r i t i c a l  p ressu re ;  T t h e  c r i t i c a l  temperature;  
C C 
- 
T the arithmetic mean temperature: Pv the vapor pressure; a,b,c 
constants; X,X heats of vaporization; and Ts the droplet surface 
temperature. !?he subscript A refers to the propellant under 
investigation, the subscript B to the remaining mixture under 
investigation. ~hermodynamic equilibrium is assumed for the 
mixture - B in the film surrounding the droplet at a mean tempera- 
ture T = [T~-I-T,]/~. Dissociation energies are included in the 
determination of the thermal and transport properties. Average 
values are determined for the following properties and assumed 
constant: liquid thermal conductivity, liquid density, liquid 
specific heat, vapor molecular weight, vapor specific heat, gas 
mixture apparent molecular weight, gas mixture viscosity, gas 
mixture thermal conductivity, gas mixture specific heat. 
Foy the case of n-heptane with gaseous oxygen, the thermo- 
dyn9m& properties used are those given in Ref. 18. The thermo- 
dynamic properties used in this study are given below: 
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2 -1 
a 1.805 x ft sec 
P 56.5 lbm. fte3 
5 
'CA 2.44 x 10 lbf ft-2 
'CB 2.37 x lo5 lbf ft-2 
22.5 
-1 -1 4 . 3 0 ~ 1 0 - ~  lbmft sec 
0.70306 
-1 -lOR-1 3.54 x ~ t u  ft sec 
1.100 Btu lbm-'OR-' 
-1 --lOR--1 4.20 x Btu ft sec 
538.0 Btu ibm-I 
2 -1 
a 1.0378 x f t  sqc  
2.06 x l o 5  l b f  f t m 2  
2.37 x l o 5  l b f  f t - 2  
n 




M 4.30 x l b m  f t  s e c  
-1 -loR-l 
K, 3.54 x ~ t u  f t  s e c  D 
- 
(Cp) v 2.900 Btu lbm-loR-l 
-1 -loR-1 
u 2.16 x l o m 5  Btu f t  s e c  
2 -1 
a 7.5677 x f t  s e c  
72.0 lbm f t - 3  
'CA 
1 .06 x l o 5  l b f  f t - 2  
'CB 4.10 x l o 5  l b f  f t - 2  
-1 -3" 
C1 4.20 x i b m  f t  s e c  
-1 -lOR-1 
4.04 x Btu f t  s e c  
- -1 -lOR-1 
Ccp)  v  2 . 2 1 0  x ~ t u  f t  s e c  
2 -1 
a 5.391 x f t  s e c  
n 67.80 l b m  f t- '  
r 
'CA 






V 5.43 x l b m  f t  s e c  
Pr  2.0499 
-1 -loR-l 
53 
1.29 x l o m 5  Btu f t  s ec  
- - l oR- l  
(cp) v 1.085 Btu l b m  
-1 -lOR-1 




The procedure  used i n  c a l c u l a t i n g  t h e  d r o p l e t  evapora t ion  
h i s t o r i e s  and temperature  d i s t r i b u t i o n s  i s  i l l u s t r a t e d  by t h e  f low 
diagram. The d r o p l e t  s u r f a c e  tempera ture  i s  given by Eq. (A-111,. 
which r e q u i r e s  a knowledge of  t ime averaged thermodynamic amd 
t r a n s p o r t  p r o p e r t i e s  whish i n  t u r n  a r e  func t ions  of  t h e  d r o p l e t  
s u r f a c e  temperature  h i s t o r y .  A t  each succeeding t ime s t e p  t h e  
surface temperature is first assumed constant, thermodynamic and 
transport properties are calculated and the surface temperature 
at the end of the time step is determined from Eq. (A-11). The 
thermodynamic properties are reevaluated with the calculated 
surface temperature and Eq. (A-11) is solved. The procedure con- 
tinues until the assumed surface temperature and calculated sur- 
face temperature differ by less than The surface regression 
rate, mass evaporation rate, droplet radius, and droplet temper- 
ature distribution are then determined. The time is incremented 
and the procedure continues.. 
Flow Diagram 
Step 1. Load into the machine the following boundary conditions, 
initial conditions, and computational parameters: 
Card 1. (15) KOUNTA - Number of test cases to be analyzed. 
Card 2. (18A4) TITLE - Title or description of test case. 
Card 3. (715) NRUN - Number of test case. 
MONTH - Month 
MDAY - Day 
MYEAR - Year 
KA - Maximum number of time steps to be 
calculated. 
JA - Frequency at which the temperature 
distribution is calculated and printed, 
i.e., if JA=lO the temperature distri- 
bution is calculated on every 10th 
step. 
NP - Controls frequency of printing droplet 
radius, regression rate, surface 
temperature, etc. 
NP=+1 Print the first 100 steps and every 
JA step thereafter. 
NP=-1 Print every step. 
Card 4. (8E10.4) 
P 2 - Chamber pressure (lbf/ft ) 
TF - Flame temperature (OR) 
RS - ~nitial drop radius (ft) 
TO - Initial drop temperature (OR) 
U - Gas velocity (ft/sec) 
v .  - Drop velocity (ft/sec) 
DT - Time increment (sec.) 
TEND - Droplet lifetime at which calculations 
end (sec) 
Card 5. (8E10.4) 
CPL - Specific heat-liquid (8tu/lbm0R) 
RHOL - Liquid density (lbm/ft3) 
AKL - Liquid thermal conductivity (~tu/ft secOR) 
CPV - Propellant vapor specific heat (8tu/lbm0R) 
EMV - Propellant vapor molecular weight 
VIS - Combustion gas viscosity ( ft-sec/lbm) 
CPB - Combustion gas specific heat (~tu/lbmO~) 
AKB - Combustion gas thermal conductivity (~tu/ft-secOR) 
Card 6. (8~10.4) 
PCA - Critical pressure-propellant (.bf/ft2) 
2 PCB - Critical pressure-combustion gases (lbf/ft ) 
TCA - Critical temperature-propellant (OR) 
TCB - Critical temperature-combustion gases (OR) 
EMA - Molecular weight-propellant 
EMB - Molecular weight-combustion gases 
Card 7. (4~10.4) 
PVA, PVB, PVC, PVD - Values of constants A,B,C,D in 
equation for propellant vapor pressure 
+ DT) PV (T) = exp (A - - T-C 
Card 8, (4~10.4) 
SLA, SLB, SLC, SN1 - The first three are values of 
constants A,B,C in equation for latent heat of 
vaporization. SN1 determines which of two 
general equation forms is used. 
Card  9 .  (4ElO.4) 
BVA, DVB, DVC, D N 1  - The f i r s t  t h r e e  are v a l u e s  o f  
c o n s t a n t s  A,B,C i n  e q u a t i o n  for d i f f u s i v i t y ,  
D N 1  d e t e r m i n e s  which  o f  two g e n e r a l  e q u a t i o n  
forms i s  u s e d .  
S t e p  2.  C a l c u l a t e  t h e  i n i t i a l  d r o p  mass ,  d r o p l e t  s u r f a c e  r e g r e s -  
s i o n  rate  and  e v a p o r a t i o n  r a te  b a s e d  upon i n i t i a l  
c o n d i t i o n s .  
S t e p  3. Inc remen t  t i m e  and assume d r o p l e t  s u r f a c e  t e m p e r a t u r e  
e q u a l  t o  t h a t  c a l c u l a t e d  a t  l a s t  t i m e  i n c r e m e n t .  
S t e p  4-5-6. C a l c u l a t e  t h e  f o l l o w i n g  t i m e  a v e r a g e d  p r o p e r t i e s :  
rs. T,. Tfilm, P,. A t i m e  a v e r a g e d  p r o p e r t y  i s  de term-  
i n e d  summing t h e  p r o d u c t  o f  t h e  p r o p e r t y  and t i m e  
i n c r e m e n t  o v e r  a l l  o f  t h e  i n c r e m e n t s  and d i v i d i n g  b y  
t h e  t o t a l  e l a p s e d  t i m e .  The h e a t  t r a n s f e r  c o e f f i c i e n t ,  
m a s s  t r a n s f e r  c o e f f i c i e n t  and h e a t  o f  v a p o r i z a t i o n  a r e  
t h e n  e v a l u a t e d  u s i n g  t h e  t i m e  ave raged  p r o p e r t i e s .  
E q u a t i o n  (A-11)  i s  t h e n  s o l v e d  f o r  s u r f a c e  t e m p e r a t u r e .  
S t e p  7 , 8 .  The c a l c u l a t e d  v a l u e  o f  s u r f a c e  t e m p e r a t u r e  i s  com- 
pa red  w i t h  t h e  assumed v a l u e .  I f  t h e  d i f f e r e n c e  ex- 
c e e d s  .0001 t h e  l a s t  c a l c u l a t e d  s u r f a c e  t e m p e r a t u r e  i s  
assumed ( S t e p  8) .and s t e p s  4 , 5 , 6  are r e p e a t e d  u n t i l  
convergence  i s  o b t a i n e d .  
S t e p  9 ,  The mass t r a n s f e r  coefficient i s  r e c a l c u l a t e d  b a s e d  
upon t h e  p r e s e n t  v a l u e s  of s u r f a c e  t e m p e r a t u r e ,  f i l m  
t e m p e r a t u r e ,  d r o p l e t  r a d i u s  and vapor  p r e s s u r e ,  The 
i n s t a n t a n e o u s  r e g r e s s i o n  r a t e  
and e v a p o r a t i o n  r a t e  
a r e  c a l c u l a t e d .  
S t e p  10 .  The t e m p e r a t u r e  d i s t r i b u t i o n  (T a s  a  f u n c t i o n  o f  r/r ) 
S i n  t h e  d r o p  i s  c a l c u l a t e d  by  s o l v i n g  Eq. (8-11) a t  
~ = r / r , = , 1 , . 2 , . 3  ...... 1 . 0  u s i n g  t i m e  ave raged  p r o p e r t i e s .  
S t e p  11. The c a l c u l a t i o n  r e s u l t s  f o r  t h e  l a s t  t i m e  inc rement  
a r e  p r i n t e d .  These i n c l u d e :  t e m p e r a t u r e  d i s t r i b u t i o n ,  
s t e p  number, t i m e ,  d r o p  r a d i u s ,  r a d i u s  r e g r e s s i o n  rate,  
mass e v a p o r a t i o n  r a t e ,  s u r f a c e  t e m p e r a t u r e ,  mass 
t r a n s f e r  c o e f f i c i e n t ,  h e a t  t r a n s f e r  c o e f f i c i e n t ,  Schmidt  
number, Reynolds number, d i f f u s i v i t y  and t h e  r a t i o  o f  
t h e  p r e s e n t  d r o p  mass t o  t h e  i n i t i a l  mass. 
S t e p  12.  S e v e r a l  tes ts  a r e  made t o  d e t e r m i n e  i f  c a l c u l a t i o n s  
s h o u l d  c o n t i n u e ,  i , e . ,  s h o u l d  c o n t r o l  t r a n s f e r  t o  
s t e p  3 f o r  an a d d i t i o n a l  t i m e  inc rement .  I f  t h e  number 
o f  s t e p s  a l r e a d y  comple ted  i s  g r e a t e r  t h a n  some i n p u t  
number ( K A ) ,  o r  i f  t h e  t i m e  i s  g r e a t e r  t h a n  some p r e -  
de te rmined  q u a n t i t y  (TEND), o r  i f  t h e  r a t i o  o f  p r e s e n t  
mass t o  i n i t i a l  m a s s  i s  less t h a n  .9, t h e  c a l c u l a t i o n s  
on t h e  p r e s e n t  tes t  c a s e  w i l l  t e r m i n a t e  and t h e  n e x t  
s e t  o f  boundary c o n d i t i o n s  w i l l  be r e a d .  
I n  a d d i t i o n  t o  t h e  above d e s c r i b e d  t e s t s ,  t h e r e  a r e  a d d i -  
t i o n a l  checks  b u i l t  i n t o  t h e  program, I f  t h e  s o l u t i o n  f o r  s u r f a c e  
t e m p e r a t u r e  r e q u i r e s  more t h a n  20  i t e r a t i o n s ,  t h e  c a l c u l a t i o n s  
t e r m i n a t e ,  a d i a g n o s t i c  message i s  p r i n t e d  and t h e  n e x t  c a s e  i s  
r e a d ,  The c a l c u l a t i o n s  w i l l  a l s o  t e r m i n a t e  w i t h  an  a p p r o p r i a t e  
message if: 
a) drop vapor pressure is greater than chamber pressure, 
b) drop temperature is greater than critical temperature, 
c) drop radius becomes negative. 
The program contains a built-in variation in time increment. 
The input value of DT (time increment) is used until the time 
equals 1 0 0 ~ ~ .  At that time the time increment is increased by a 
factor of 10. The time increment is increased whenever the total 
elapsed time equals 100 times the present time increment. 
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factor, E q .  (12) 
droplet surface area 
film thickness facto'r, Eq. (12), Eq.  (A-7a) 
constants, Eq .  (6) 
constant, E q .  (13) , (A-9a) 
average droplet vapor specific heat 
molecular diffusion coefficient, factor, Eq. (A-7b), 
diameter 
film heat transfer coefficient, enthalpy 
evaporative constant, E q .  (20) 
mass transfer coefficient 
thermal conductivity of vapor-gas mixture 
molecular weight 
Prandtl number 
pressure; transform variable 
defined in E q .  (A-5c), heat transfer 
ratio r/rs 
Reynolds number 
universal gas constant 
droplet radius 




average temperature [T~+T, ] / 2  
time 
function defined in E q .  (A-1) 
gas velocity 
droplet velocity 




exponent, Eq.  (7) 
gas density 
droplet thermal conductivity 
heat of vaporization 
10 c o n s t a n t ,  E q .  ( 7 )  
G v i s c o s i t y  
P densi'F;y 
at/r, L I- 
8 t r a n s p o r t  p r o p e r t y  
CP Eq.  (B-5) 
m i x t u r e  
s u p e r h e a t  
e v a p o r a t i o n  
l i q u i d  
t o t a l  
s u r f a c e  
i n i t i a l ,  r e f e r e n c e  
f lame 
vapor  
c r i t i c a l ,  chamber 
r a d i u s ,  d i f f e r e n t i a t i o n  w i t h  r e s p e c t  t o  r a d i u s  
t i m e ,  d i f f e r e n t i a t i o n  w i t h  r e s p e c t  t o  t i m e  
s p e c i e  i n d e x  
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